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Abstract 
The current investigation reports on diesel particulate matter emissions, with special interest in fine particles from the 
combustion of two base fuels. The base fuels selected were diesel fuel and marine gas oil (MGO). The experiments were 
conducted with a four-stroke, six-cylinder, direct injection diesel engine. The results showed that the fine particle number 
emissions measured by both SMPS and ELPI were higher with MGO compared to diesel fuel. It was observed that the fine 
particle number emissions with the two base fuels were quantitatively different but qualitatively similar. The gravimetric 
(mass basis) measurement also showed higher total particulate matter (TPM) emissions with the MGO. The smoke 
emissions, which were part of TPM, were also higher for the MGO. No significant changes in the mass flow rate of fuel 
and the brake-specific fuel consumption (BSFC) were observed between the two base fuels. 
Keywords: Diesel fine particles, diesel engine, smoke and BSFC. 
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1. Introduction 
The major concerns with diesel emissions are oxides of nitrogen (NOx) and TPM (Nabi and Hustad, 2010; Nuszkowski et 
al., 2008; Nabi et al., 2009; Tsolakis et al., 2005). Due to their trade-off relationship it is difficult to reduce TPM and NOx 
simultaneously (Xing-cai et al., 2004), but many researchers are trying to do this with new technology. Diesel has long 
been used as a conventional fuel. Marine engines generally use slightly inferior grade fuels containing higher sulphur than 
conventional diesel fuel. Fuel sulphur is one of the causes of TPM formation. The burning of this inferior fuel leads to 
higher smoke, TPM, unburnt hydrocarbon (UBC), carbon monoxide (CO), and NOx emissions (Lin et al., 1995). A strong 
dependence on emissions of the sulphur content in the fuel was observed by Fridell et al., 2008. Diesel TPM contains 
thousands of very small particles of different sizes. These tiny particles can easily pass to the lungs and cause respiratory 
problems. It was reported earlier that diesel ultra fine particles are suspected to be health risks for the respiratory and, 
possibly, the circulatory systems of humans (Krahl et al., 2007). Diesel TPM consists mainly of agglomerate carbon 
particles and soluble organic fraction (SOF). SOF may nucleate or condense on the surface of the carbon particles to form 
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 new, very small particles during the cooling and dilution processes (Kittleson, 1998; Johnson 2006; Tan et al., 2004; Tan 
et al., 2010).  
Particles can be classified into nucleation mode (NM) (0.005-0.05 m), accumulation mode (AM) (0.1-0.3 m) and coarse 
mode (Kittleson, 1998). The size of particles can be classified as fine (D2.5 m or 2500 nm), ultrafine (D0.10 m or 
100 nm), and nanoparticles (D0.05 m or 50 nm). Shi and Harrison, 1999 reported that the nucleation mode particles are 
produced when the exhaust gas is supersaturated during the dilution process, while the accumulation mode particles are 
formed during combustion by the soot formation process. 
Nabi and Hustad, 2010a investigated engine regulated emissions with marine gas oil oxygenate blends, but the principal 
objective of the current study was to compare the number of diesel fine particles and the mass emissions from the 
combustion of MGO and diesel fuel. Smoke and TPM emissions, as well as engine performance using the two fuels, were 
also investigated. 
 
2. Experimental set up and procedure  
The experiments were performed with a six-cylinder, four-stroke, Scania DC 1102 DI diesel engine. All experiments were 
conducted at the engine laboratory of Marintek, Trondheim, Norway. The major specifications of the tested engine are 
listed in Table 1. To start and load the engine, a water brake dynamometer was coupled to the engine. The experiments 
were performed with an optimum engine speed of 1400 rpm (Saanum et al., 2008). The engine speed was optimized with 
respect to engine thermal efficiency. The dynamic fuel injection timing was set at a 20 degree crank angle before the top 
dead centre (°CA BTDC). 
As mentioned previously, MGO and diesel fuel were chosen as the base or reference fuels for their similar fuel properties. 
The major fuel properties of the tested fuels are shown in Table 2. It is to be noted that the variation of fuel temperature 
into or out of the injector pump was not recorded due to the difficulty of this measurement and that such temperature can 
have an effect on kinematic viscosity which may be different for each type of fuel.  An ELPI of Dekati was used to 
determine the fine particle number and the mass emissions of thirteen different particle sizes. As with ELPI, a scanning 
mobility particle sizer (SMPS) (model 3936, TSI Inc) was used to measure the particle number emissions according to 
particle size. The SMPS consists of an electrostatic classifier (model 3080).  Based on electrical mobility detection 
technique, the SMPS determines the particle number according to size. An electrostatic classifier classifies the particles, 
while a condensation particle counter (CPC) determines the particle number concentrations. A personal computer was 
equipped with the SMPS system for data storage and analysis. The aerosol flow rate was 1.5 lpm (litre per minute); that of 
sheath air was 15 lpm. The particle number concentrations were determined by multiplying the dilution ratios with the data 
obtained from SMPS. For both measurements, the dilution ratio was kept at around 50 for the engine loads of 218.75 N.m, 
437.50 N.m and 1312.50 N.m. 
 A chemiluminescence detector (CLD) (Horiba PG-250) was used to measure the NOx concentrations. The filter smoke 
number (FSN), which is termed as smoke, was measured with a smoke meter (AVL 415S). The gravimetric TPM was 
measured in accordance with ISO 8178 using a partial flow dilution system (length is 190 mm and diameter is 90 mm), a 
glass fibre filter (P/N 61631, diameter 47 mm, filtration grade 6 micron) and a constant volume sampler (CVS). Prior to 
sampling, the filters were conditioned at 25 °C and 50% relative humidity for 10 hours and weighed on a microbalance 
(Mettler AE-163) with a range of 0.01 mg to 30 g. Sixty litres of diluted exhaust gas per minute were drawn through the 
filter. The dilution ratio for the steady-state condition was set in the range of 9–10. The dilution ratio was controlled by 
measuring the NOx concentrations in both the exhaust and the diluted exhaust. After sampling, the filters were then 
weighed again to determine the TPM by subtracting the weight of the empty filter. Exhaust particles were collected at a 
specially constructed sample point. Depending on the engine load, the temperature at the sample point varied from 300-
500 C. For PM sampling with dilution tunnel, the sample heat pipe from the exhaust channel to the tunnel had a 
temperature of 180 C. In the dilution tunnel the temperature was in the range of 32-51 C. On the sampling filters the 
temperature was 30-40 C. For ELPI sampling, the sample heat pipe from the exhaust channel to the ELPI instrument had 
a temperature about 400 C. This exhaust was diluted with filtered air. This mixture had a temperature in the range of 30-
40 C before the particle counter. Based on the published reports (Kittleson 1998, Gulijk et al., 2001, Amann et al., 1982, 
Westerholm et al., 1999), the effective density of the particle was set at 1.00 gm/cm
3
 in the current investigation. The 
experimental uncertainty and standard errors in the measurements was determined and shown in the Figures.  
For both cases (particle analyzer and dilution tunnel), the dilution ratio was calculated based on the following equation: 
Dilution ratio = Exhaust NOx concentration / Diluted exhaust NOx concentration. 
Engine speed was measured using a system attached to the dynamometer and the engine torque is measured with a digital 
meter. A unit injector was used for supplying MGO and diesel fuel in the combustion chamber.  
The engine was warmed-up until the recommended oil temperature and pressure. After the warm-up, the engine was run 
on idle condition and the speed was adjusted to 1400 rpm. The engine was run to maintain uniform speed after which it 
was gradually loaded. For each load condition, the engine was run at minimum of 20–25 minutes. The measurements of 
NOx, fine particle mass and number emissions were relied on continual sampling with data logged online with a personal 
computer while the gravimetric TPM measurements were based on grab samples. The air temperature and humidity were 
monitored periodically and the measurements were corrected as per international standards.  
 
3. Experimental results and discussion 
3.1. Fine particle emissions with two different base fuels: Figure 1 shows the number of fine particles emitted for MGO 
and diesel fuel at three different loads. The three loads (218.75 N.m, 437.50 N.m and 1312.50 N.m) were categorized as 
low (12% and 25% of the rated load) and high (80% of the rated load). Figure 1a shows a load of 218.75 N.m, Figure 1b a 
 load of 437.50 N.m, and Figure 1c a load of 1312.50 N.m. The fine particles were measured with an SMPS, which can 
measure particle size up to 250 nm. It was evident that for all three loads the SMPS measurement shows more fine 
particles with MGO compared to diesel fuel. It was also observed that the peaks for all three loads were around 70 nm for 
both fuels. The greater difference in fine particles between the two base fuels was around 70 nm for all three loads. A 
maximum of 7.86 x10
6
 (#/cm
3
) emissions for a load of 218.75   N.m was observed with MGO. For the other two loads 
(437.50 N.m and 1312.50 N.m), the number of particles emitted for MGO was found to be 1.17x10
7
 (#/cm
3
) and 1.68 x10
7
 
(#/cm
3
) respectively. The maximum number of particles emitted for diesel fuel at 218.75 N.m, 437.50 N.m and 1312.50 
N.m was found to be 7.14 x10
6
 (#/cm
3
), 1.02 x10
7
 (#/cm
3
) and 1.33 x10
7
 (#/cm
3
) respectively.  
 
Figure 2 shows the number of fine particles emitted for the same fuels and the same engine operating conditions as 
discussed in 3.1. In this case, an ELPI instrument was used for the measurement of the number of fine particles according 
to size. Unlike SMPS, ELPI measures particle size up to around 6000 nm. As in Figure 1, it can be seen from Figure 2 that 
the combustion of MGO produces a higher number of fine particles compared to diesel fuel. The peak for MGO was found 
to be around 70 nm at 218.75 N.m and 1312.50 N.m and around 30 nm at 437.50 N.m, while the peak for diesel fuel was 
found to be around 40 nm for all three loads (Figures 2a, 2b, 2c). The maximum number of particles emitted with MGO 
was 1.39 x10
7
 (#/cm
3
), 2.26 x10
7
 (#/cm
3
) and 3.13 x10
7
 (#/cm
3
) for 218.75 N.m, 437.50 N.m and 1312.50 N.m 
respectively. On the other hand, the maximum number of particles emitted with diesel fuel was 1.33 x10
7
 (#/cm
3
), 1.66 
x10
7
 (#/cm
3
) and 2.81 x10
7
 (#/cm
3
) for 218.75 N.m, 437.50 N.m and 1312.50 N.m respectively.  
Based on Figures 1 and 2 it can be concluded that the particles formation are increasing with increase in engine load and 
the increased number of particles are associated with more fuel burning at higher engine load. 
 
3.2. Fine particle mass emissions with two different base fuels: Figure 3 illustrates fine particle mass emissions with 
respect to particle size. The mass of fine particles emitted was higher for MGO compared to diesel fuel. The difference in 
emission mass between MGO and diesel fuel was higher at higher load, as can be seen in Figure 3c. The figure shows two 
peaks: one peak at around 260 nm and another at around 1852 nm. It is evident that MGO produces greater emission mass 
than does diesel fuel, the difference being around 260 nm.  
 
3.3 Fine particle total concentration and geometric mean diameter: Figure 4a shows the fine particle total 
concentration for MGO and diesel fuel, while Figure 4b shows the geometric mean diameters for the same fuels. The total 
concentration was determined by multiplying the dilution ratios. It is evident that the total concentration of fine particles 
for MGO is higher for all three loads. However, the geometric mean diameters for MGO are lower than those of diesel fuel. 
The geometric mean diameter may help to explain why MGO produces much more fine particles than diesel fuel. As the 
 geometric mean diameters for MGO are lower for all three loads, they are smaller in size and thus produce more fine 
particles. As more fuel is burning at higher loads the total number concentration and geometric mean diameter increase at 
higher loads. Tsolakis 2006 reported more particle after the diffusion mode of combustion as the soot oxidation rate was 
reduced due to less time available. Lapuerta et al., 2007 reported greater number of particle emission at higher engine load. 
Authors explained that less excess oxygen was available at higher engine load resulted in more soot emission. Moreover, 
with the increase in particle number, coagulation rate is increased leading to larger particles are formed (Di et al., 2009).  
 
3.4 TPM and smoke emissions: Figure 5a depicts TPM for the two base fuels, while Figure 5b represents the filter smoke 
number for the same fuels at three different loads. The TPM was measured with a dilution tunnel, a constant volume 
sampler and a glass fibre filter. As can be seen in Figure 5a, the TPM emissions for diesel fuel are lower compared to 
MGO. The lower TPM emissions with diesel fuel are associated with the lower sulphur in diesel fuel (Table 2). Filter 
smoke number (smoke) is also lower with diesel fuel, as can be seen in Figure 5b. Since smoke is a part of TPM, the lower 
TPM emissions are due to the lower smoke emissions with diesel fuel. Inge et al., 2008 found significantly higher smoke 
and TPM emissions with MGO compared to diesel fuel. The current results are in good agreement with those of Inge et al. 
It is well known that the fuel with higher viscosity leads to poor atomisation. Poor atomisation leads to incomplete 
combustion results in higher soot emission (Rao et al., 2007).  MGO has higher viscosity and density than diesel fuel. 
Considering the higher viscosity and density, MGO probably produces higher TPM/soot emissions. Table 2 shows a 
higher carbon to hydrogen (C/H) ratio for MGO fuel compared to diesel fuel. Kalligeros et al., 2003 reported that higher 
aromatic content fuel has a higher C/H ratio. The higher aromatic content in MGO results in higher exhaust particulate 
emissions, as described in Figures 1–5. Though the aromatic content of the two fuels was not determined in the present 
investigation, but it is expected that the aromatic content for MGO will be higher for its higher C/H ratio. Figure 8a shows 
higher exhaust gas temperature for diesel than that of MGO. Higher exhaust gas temperature indicates better combustion 
process and thus produces less TPM/soot emission (Rao et al., 2007). The higher exhaust gas temperature of diesel 
oxidized TPM/soot emission in diffusion combustion phase and thus reduced TPM/soot emission. Compared to diesel, 
lower exhaust gas temperature of MGO is another reason for higher TPM/soot emission. The current investigation is a 
good agreement with Rao et al., 2007. It is well known that cetane number represents the auto ignition quality of a diesel 
fuel. The time delay between fuel injection and fuel ignition is termed as ignition delay. Generally fuels having higher 
cetane number are expected to have a shorter ignition delay which allows a longer time to burn the fuel results in more 
time for combustion results in less PM (Kahandawala et al., 2004). Figure 8b shows the ignition delay with two fuels for 
four different loads. It can be seen from the Figure that the ignition delay is shorter for diesel fuel compared to MGO. The 
shorter ignition delay with diesel fuel could be the additional reason for less PM emission.  
 Fuel sulphur content may result in TPM emissions. Due to the hydroscopic effect of fuel sulphur, other smaller particles 
can accumulate and grow. Thus, the reduction in fuel sulphur results in the reduction in TPM emissions. In addition, 
sulfate, which is responsible for the mass index, is also greatly reduced (Kahandawala et al., 2004). The current study 
showed reduced TPM emissions with diesel fuel, which has lower sulphur content than MGO (Table 2).    
 
3.5 NOx emissions and rate of heat release (ROHR) with the two base fuels 
NOx and diesel TPM are the two main pollutants of the diesel engine; therefore, this paper deals mainly with those. 
Figures 6a and 6b show the NOx emissions and ROHR for the two fuels. It is evident that the peak of the premixed 
combustion with MGO is significantly higher than that of diesel fuel; the higher leads to higher NOx emissions. The 
higher NOx emissions with MGO can be seen in Figures 6c and 6d. It was reported earlier that ignition delay has non-
linear relationship with cetane number (Knothe et al., 2003). Table 2 indicates that diesel fuel has a higher cetane number 
than MGO. Figure 6c shows that the ignition delay is reduced with the increase in cetane number. Compared to MGO, 
diesel fuel shows lower ignition delay, which perhaps reduces the NOx emissions. 
Figure 6d presents a relationship among ignition delay, maximum rate of heat release (ROHR) and NOx emissions. As 
indicated earlier, the higher peak of the premixed combustion leads to higher NOx emissions with MGO. It can be 
observed from Figure 6d that, with the increase in ignition delay, maximum ROHR increases. It should be noted also that 
maximum ROHR is higher for MGO as the ignition delay is higher relative to diesel fuel. As a result, the NOx emissions 
for MGO are higher than for diesel fuel.   
 
3.6. Engine performance 
The engine performance parameters discussed in this section are brake specific fuel consumption (BSFC) and mass flow 
rate of fuel. BSFC is evaluated by measuring the mass flow rate of fuel, the density of the fuel, and the brake power. The 
BSFC calculation for this study was based on the following equation: 
BSFC = (3600 x ṁf) / BP      (kg/kWh)  
where,  
ṁf is the mass flow rate of fuel in kg/sec  
BP is the brake power available at the crankshaft in kW  
The mass flow rates and the BSFCs are almost identical for both fuels, as can be seen in Figure 7.  
 
4. Conclusions 
In this study, diesel fine particles, TPM emissions and engine performance were investigated with neat MGO and diesel 
fuel. The results of the current investigation may be summarized as follows.  For all loading conditions, a large number of 
 diesel fine particles with SMPS measurements were observed with MGO compared to the diesel fuel. Like SMPS 
measurements, ELPI measurements also showed higher number of fine particles with MGO compared to diesel fuel at all 
engine loading conditions.  The ELPI measurements at three different engine loads showed higher mass emissions of fine 
particles with MGO relative to diesel fuel. The larger numbers of fine particles of MGO than with diesel fuel were 
associated with the smaller diameter of the fine particles with MGO. The gravimetric measurements of TPM emissions 
with MGO were also higher with MGO compared to diesel fuel. The combined effect of high sulfur, aromatics, longer 
ignition delay and lower exhaust gas temperature were the reasons of increased PM emissions with MGO. NOx emissions 
were higher with MGO compared to the diesel fuel. Longer ignition delay and higher ROHR in the premixed combustion 
phase were the reasons of higher NOx emissions with MGO.  The mass flow rates and the BSFCs were almost identical for 
both MGO and diesel fuel.  
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Figure captions 
 
Figure 1 Diesel fine particle number emissions with two base fuels for engine torque of (a) 218.75 N.m; (b) 437.50 
N.m; (c) 1312.50 N.m (SMPS measurements). 
 
Figure 2 Diesel fine particle number emissions with two base fuels for engine torque of (a) 218.75 N.m; (b) 437.50 
N.m; (c) 1312.50 N.m (ELPI measurements). 
 
Figure 3 Diesel fine particle mass emissions with two base fuels for engine torque of (a) 218.75 N.m; (b) 437.50 N.m; 
(c) 1312.50 N.m (ELPI measurements). 
 
Figure 4a Diesel fine particle total concentrations with two base fuels for two engine torques (SMPS measurements); 4b 
Geometric mean diameters of fine particles (SMPS measurements). 
 
Figure 5a TPM emissions with two base fuels for three loads (measured with a dilution tunnel); 5b Smoke emissions 
with two base fuels for three loads (measured with an AVL smoke meter). 
 
Figure 6a NOx emissions with two base fuels for three loads; 6b ROHR diagrams with two base fuels (Engine torque = 
437.50 N-m); 6c Relationship among NOx, cetane number and ignition delay; 6d Relationship among NOx, ignition 
delay and maximum ROHR. 
 
Figure 7 Mass flow rates of fuel and BSFC for two base fuels at two different loads. 
 
Figure 8 Comparison of exhaust temperature and ignition lag with two fuels  
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 Comparison of exhaust temperature and ignition lag with two fuels 
 
 
 
 
200 
350 
500 
650 
218.75 437.50 875.00 1312.50 
E
x
h
a
u
s
t 
te
m
p
e
ra
tu
re
 (
°
C
) 
Engine torque (N.m) 
8a 
MGO 
Diesel 
14 
16 
18 
20 
218.75 437.50 875.00 1312.50 
Ig
n
it
io
n
 l
a
g
 (
°
C
A
) 
Engine torque (N.m) 
8b 
MGO 
Diesel 
  
Table 1 Specifications of the test engine 
 
Engine  Scania DC 1102 
Number of cylinders 06 
Bore  127 mm  
Stroke 140 mm 
Compression ratio 18:1  
Displacement volume 1773 cm3 
Torque (maximum) 1750 @ 1080-1500 rpm 
Power (maximum) 280 kW @ 1800 rpm 
Injection  pressure 220 bar 
Size and number of holes   0.216 mm x 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table
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Table 2 Properties of test fuels 
Properties Diesel [1] MGO [14]  
Kinematic viscosity @40°C  [cSt] 2.56 2.60 
Density @15°C [kg/m
3
] 842 855 
Boiling point  (BP) [°C] 176-341 170-370 
Cetane number [-] 49.3 47 
Calorific value  [MJ/kg] 42.1 42.8 
Carbon  [% mass)] 85.9 86.2 
Hydrogen  [% mass] 14.1 13.6 
Sulfur  [% mass] 0.001 0.005 
C/H  6.09 6.34 
 
